RENAL FIBROSIS OF diverse etiology is associated with progressive decline of renal function. Transforming growth factor-␤1 (TGF␤1), through its role in matrix accumulation, is thought to play a central role in the pathogenesis of glomerular sclerosis (44) . Mesangial cells (MC), the primary producers of glomerular extracellular matrix, increase the production and secretion of matrix proteins such as collagen and fibronectin in response to TGF␤1 (13, 54) .
Signaling is initiated by TGF␤ binding to its type II receptor, which then associates with, phosphorylates, and thereby activates the type I receptor. This receptor subsequently phosphorylates Smad2 and -3, which then associate with Smad4. The complex translocates to the nucleus where it regulates the expression of target genes containing Smad binding elements (2, 27) . Smads generally require the cooperation of other transcription factors such as Sp1, ATF/CREB, and AP-1 to effect gene transcription (1, 42, 48, 59, 63) . TGF␤1 has also been shown to activate non-Smad signaling pathways. The small GTPase RhoA and its downstream effector Rho kinase have been implicated in TGF␤ matrix responses in some cells (13, 57) . In breast cancer cells, RhoA activation by TGF␤ was shown to be independent of Smads, whereas some studies conversely suggest a potential regulation of Smad signaling by RhoA/Rho kinase (13, 15) . The mechanism of RhoA activation by TGF␤, however, has not been well defined.
Recently, membrane microdomains rich in glycosphingolipids and cholesterol, termed rafts, have been implicated in regulating TGF␤ signaling. Caveolae are a type of raft and appear as noncoated 50-to 100-nm omega-shaped invaginations of the plasma membrane by electron microscopy (36) . They are defined by the presence of caveolin, a 24-kDa integral membrane protein essential for their formation (30) . Caveolae are found in most cells, including MC (30, 52) . Three isoforms of caveolin exist; caveolin-1 (cav-1) has wide expression and is required for caveolar formation in nonmuscle cells (23, 35, 36) . Numerous signaling molecules have been localized to rafts/ caveolae, with these domains playing an important regulatory role in their function (24, 30) . We have shown that RhoA partly localizes in rafts/caveolae in MC (32) , and a proportion of cellular TGF␤ receptors as well as Smad2 have also been found to reside in these microdomains (5, 38, 46) . Cav-1, through its association with signaling proteins, may impart a specific functional role to caveolae that is distinct from rafts. Caveolin is a transmembrane noncatalytic protein with both NH 2 and COOH termini facing the cytoplasm (30) . Interactions with caveolin are believed to sequester proteins within caveolae and modulate or suppress their catalytic activities (36, 37) . The further modification of cav-1 through phosphorylation on tyrosine-14 has been demonstrated in response to various stimuli including osmotic and shear stress and growth factor receptor activation (17, 34, 39, 56) . The full functional significance of cav-1 phosphorylation is not yet known, but it has been shown to modulate cav-1 association with other proteins (4, 17, 34) . In MC, we have shown that mechanical stretch-induced RhoA activation depends on RhoA association with cav-1, and that this requires cav-1 to be phosphorylated at Y14 (32) . Conversely, cav-1 phosphorylation in response to other stimuli such as angiotensin II has been shown to release proteins such as the epidermal growth factor receptor from cav-1 binding, with a resultant increase in its activation (55) . Responses to cav-1 phosphorylation are thus dependent on the stimulus.
The potential role of caveolae and cav-1 in TGF␤-induced RhoA activation and their role in matrix upregulation have not yet been addressed. These studies demonstrate that TGF␤ activates RhoA signaling in MC through the TGF␤ receptors and implicate caveolae and cav-1 as necessary upstream regulators. They further show that Src activation and cav-1 phosphorylation on Y14 are important for the transduction of this signal. These studies outline a novel signaling pathway implicating caveolae as positive regulators of TGF␤ non-Smad signaling.
MATERIALS AND METHODS
Cell culture. Primary MC were obtained from glomeruli of Sprague-Dawley rats (Charles River) or mice (cav-1 knockout or their corresponding wild type, B6129SF1/J, both from Jackson Laboratory) by differential sieving and cultured in DMEM supplemented with 20% fetal calf serum (Invitrogen), streptomycin (100 g/ml), and penicillin (100 units/ml) at 37°C in 95% air-5% CO 2. Protocols were approved by an independent review committee (Animal Research Ethics Board, McMaster Univ., Hamilton, ON), and experiments were performed in accordance with Canadian Council on Animal Care guidelines. Experiments were carried out using cells between passages 6 and 15. 293T cells were cultured in DMEM supplemented with 10% serum. Confluent MC were made quiescent by serum deprivation for 24 h before treatment. TGF␤1 (R&D Systems) was used at 2 ng/ml. Pharmacological inhibitors were added at the indicated concentrations and times before TGF␤1: Y-27632 (Calbiochem), 10 M for 30 min; HA-1077 (Calbiochem), 25 M for 30 min; cyclodextrin (Calbiochem), 5 mM for 60 min; filipin III (Sigma), 2.5 g/ml for 10 min; cholesterol (Sigma), 15 g/ml for 60 min; SU6656 (Calbiochem), 10 M for 30 min; and SB431542 (Tocris), 5 M for 30 min.
Protein extraction and Western immunoblotting. Cells were lysed, and protein was extracted as previously described by our laboratory (19) . Briefly, cells were lysed in buffer containing 50 mM Tris, pH 7.4, 150 mM NaCl, 1% Triton X-100, 10% glycerol, 5 mM EDTA, 1 mM sodium vanadate, 1 mM ␤-glycerophosphate, 1 mM sodium fluoride, 2 g/ml leupeptin, 10 g/ml aprotinin, and 1 mM phenylmethylsulfonyl fluoride (PMSF). Lysates were collected and centrifuged at 4°C at 14,000 rpm for 10 min to pellet cell debris. Supernatant (50 g) was separated on SDS-PAGE, and Western blotting was performed as we have described previously (19) . Antibodies used included monoclonal RhoA (1:500, Santa Cruz), polyclonal phospho-MYPT Thr 696 (1 g/ml, Upstate), polyclonal phospho-Smad2 Ser 465/467 (1:2,000 Upstate), polyclonal phospho-Smad3 Ser 433/435 (1:1,000, Cell Signaling), polyclonal Smad2/3 (1:1,000, Santa Cruz), polyclonal phospho-SrcY416 (1:500, Cell Signaling), polyclonal Src (1:1,000, Cell Signaling), monoclonal cav-1 (1:1,000, BD Biosciences), monoclonal ␤-actin (1:5,000, Sigma), and monoclonal collagen I (1:1,000, Sigma).
For assessment of secreted fibronectin, conditioned medium was collected and centrifuged (4,000 rpm, 5 min) to pellet debris, and 10 g of protein were separated on a 7.5% gel. Membranes were probed with monoclonal anti-fibronectin (1:5,000, BD Biosciences).
RhoA pull-down assay. This was performed as described previously (19) . Briefly, cells were lysed in hypertonic buffer, and GTP-bound RhoA was immunoprecipitated from cleared lysate with 25 g of glutathione-agarose bound GST-tagged rhotekin RhoA binding domain (purified from bacterial lysate). Beads were washed, and the immunoprecipitate was resolved on 15% SDS-PAGE. Membranes were probed with anti-RhoA antibody. Lysate (50 g) was also probed for RhoA to ensure equality across conditions.
Northern blot analysis. Total RNA (10 g), extracted using Trizol (Invitrogen), was separated on a formaldehyde-agarose gel and transferred to a nylon membrane (Hybond, Amersham Biosciences). Hybridization was performed with random-primed digoxigenin-11-dUTP-labeled cDNA probes prepared from fibronectin, collagen IA1, or ␤-actin cDNA amplified by PCR. Hybridized probes were detected using alkaline phosphatase-labeled anti-digoxigenin antibodies and CDP-star as substrate. Kits and reagents were from Roche Applied Science.
Immunoprecipitation. Cells were lysed with lysis buffer including 60 mM N-octyl-glucopyranoside. After clarification, equal amounts of lysate were incubated overnight with 2 g of monoclonal RhoA antibody, rotating at 4°C, followed by 25 l of protein G-agarose slurry for 1.5 h at 4°C. Immunoprecipitates were extensively washed, resuspended in 2ϫ sample buffer, boiled, and analyzed by immunoblotting.
Infection of MC. Rat cav-1 was amplified from MC cDNA and inserted into the retroviral vector pLHCX with an NH 2-terminal FLAG. Using this as template, Y14 was mutated to alanine. Rat MC were infected with empty vector or FLAG-Cav-1Y14A, and cav-1 knockout MC were infected with cav-1 as described previously (19, 20, 62) . In brief, competent virus capable of single infection was generated using the vesicular stomatitis virus system (Stratagene), and MC passages 5-12 were exposed to virus concentrated by centrifugation in the presence of polybrene. Seventy-two hours after infection, a two-week antibiotic selection period was begun. Experiments were performed using a population of pooled stably infected MC.
Statistical analyses. Densitometry was obtained using Scion Image (NIH), and analysis was performed using one-way ANOVA with Tukey's honestly significant difference test for post hoc analysis (SPSS 14.0 for Windows). P value Ͻ0.05 (2-tailed) was considered significant. Data are represented as means Ϯ SE. Experiments were repeated multiple times, with n as the number of repetitions.
RESULTS

TGF␤-mediated fibronectin upregulation requires
RhoA/ Rho kinase activation. TGF␤ has been shown to activate RhoA in several cell types (6, 25, 28, 50) , although this has to date not been demonstrated in MC. Given the known importance of TGF␤ in induction of matrix production by MC in disease states, we thus first assessed the ability of TGF␤1 (2 ng/ml) to activate RhoA signaling. MC were treated for 5 min to 3 h, and RhoA activity was assessed by pull-down assay of GTP-bound (active) RhoA. Figure 1A shows a time-dependent increase in RhoA activation, significant by 30 min and seen through 3 h. Similarly, downstream Rho kinase activation, as assessed by phosphorylation of the Rho kinase substrate MYPT on T696, was induced in response to TGF␤ with kinetics similar to that of RhoA activation (Fig. 1B) .
Rho/Rho kinase activation has been implicated in TGF␤-induced upregulation of the matrix protein collagen I (13) as well as in upregulation of connective tissue growth factor, an important mediator of TGF␤ profibrotic effects (10, 31, 47) . We have also shown it to be required for upregulation of fibronectin in response to mechanical stress (19) . The involvement of this pathway in TGF␤-induced fibronectin upregulation, however, has not yet been assessed. We thus next examined this with the two distinct Rho kinase inhibitors Y-27632 (10 M) and HA-1077 (25 M). After exposure of MC to TGF␤ for 48 h, fibronectin transcript upregulation and cellular protein levels were assessed by Northern analysis and Western immunoblotting, respectively. Figure 1C shows a significant increase in fibronectin transcript by TGF␤ which was prevented by Rho kinase inhibition. Similar results were observed for fibronectin protein upregulation (Fig. 1D) .
RhoA activation by TGF␤ is dependent on TGF␤ receptor activation. The mechanism of RhoA activation by TGF␤ has not been defined. In these studies, we first determined whether activity of the TGF␤ receptors was required. Signaling through these receptors to the target proteins Smads is well established (48) . More recently, a number of other proteins that may impact non-Smad pathways have also been shown to interact with TGF␤ receptors (40) . We used the type I receptor inhibitor SB431542 (5 M) to determine its role in RhoA activation. Figure 2A shows that TGF␤-induced RhoA activity at 1 h was prevented by SB431542, and a dose-dependent effect was observed with 1 and 5 M (not shown). Since both Smad and RhoA signaling are initiated through the TGF␤ receptors, we next determined whether Rho kinase inhibition would prevent Smad2 and -3 activation as assessed by their COOH-terminal phosphorylation. Figure 2 , B and C, shows that neither Rho kinase inhibitor Y-27632 nor HA-1077 affected TGF␤-induced phosphorylation of Smad2 or -3. An independence of Smad and RhoA activation has been observed in breast cancer cells (15) , and here we show that Smad activation is independent of downstream Rho kinase.
Caveolae are required for TGF␤-induced RhoA/Rho kinase activation. We have recently shown that mechanical stressinduced RhoA activation requires caveolae (32) , and it is of interest that the TGF␤ receptors have also been localized to these microdomains (38, 46) . We thus next examined the requirement for caveolae in TGF␤-induced RhoA activation. We initially used the membrane-impermeable cholesterol binding agent cyclodextrin, which depletes cell surface cholesterol, and the membrane-permeable agent filipin III to perturb the formation of caveolae. Both have been shown to almost completely abolish the presence of caveolae by electron microscopy (45, 55) . Figure 3A shows that both cyclodextrin (5 mM) and filipin (2.5 g/ml) completely abrogated RhoA activation in response to TGF␤. Since caveolar disruption mediated by cyclodextrin resides in its ability to chelate extracellular cholesterol, hence making it unavailable for incorporation into caveolae (7), we tested whether the effect of cyclodextrin was reversible by co-incubation with excess cholesterol. As seen in Fig. 3A , cholesterol reversed the effects of cyclodextrin on RhoA activation, indicating that TGF␤-induced RhoA activity is dependent on the structural integrity of caveolae in MC.
We next assessed the effects of caveolar disruption on TGF␤-induced Smad2/3 phosphorylation. As seen in Fig. 3 , B and C, neither filipin nor cyclodextrin prevented COOH-terminal phos- phorylation of these Smads. This is consistent with the previously observed lack of efficacy of downstream Rho kinase inhibition on Smad2/3 activation. Hence, TGF␤-induced signaling may be divergent at the level of the TGF␤ receptors, with subcellular localization determining the signaling pathway that is activated.
It is recognized that depletion of cholesterol does not specifically eliminate caveolae but also affects other cholesterolenriched membrane microdomains such as rafts (18) . To verify that caveolae mediate TGF␤-induced RhoA activation, we utilized MC derived from cav-1 knockout mice or their wildtype counterparts. These mice lack cav-1 and hence caveolae in all tissues (35) . Absence of cav-1 expression in MC was confirmed by Western blotting (not shown). Figure 4 , A and B, shows that TGF␤-induced RhoA and downstream Rho kinase activation were absent in knockout cells. To examine whether cav-1 reexpression could restore RhoA/Rho kinase activation, we generated knockout cells expressing FLAG-tagged cav-1. Stable expression of cav-1 after selection of a pooled population of cells is shown in Fig. 4C . Compared with cells infected with the empty vector pLHCX, both RhoA and Rho kinase activation in response to TGF␤ were restored in knockout cells reexpressing cav-1 (Figs. 4, D and E) . Finally, to confirm that Fig. 2 . TGF␤ receptor I is required for RhoA activation, but RhoA activation is distinct from that of Smads. A: MC were treated for 1 h with TGF␤1 (2 ng/ml) and pretreated with the TGF␤ receptor I inhibitor SB431542 (SB; 5 M, 30 min), and RhoA activity was assessed (*P Ͻ 0.01 TGF␤ vs. others, n ϭ 4). B and C: dependence of Smad activation on RhoA signaling was assessed using the Rho kinase inhibitors Y-27632 (10 M) and HA-1077 (25 M), both for 30 min before the addition of TGF␤1. Phosphorylation at the COOH terminus of Smad2 or Smad3 was assessed by phosphospecific antibodies after 1 h of TGF␤ (2 ng/ml) (Smad2, 60 kDa; Smad3, 52 kDa). Fig. 3 . Caveolar disruption prevents TGF␤-induced RhoA, but not Smad, activation. A: MC were treated with TGF␤ (2 ng/ml, 1 h) in the presence or absence of pretreatment with the caveolar-disrupting agent cyclodextrin (CD; 5 mM, 60 min) or filipin (2.5 g/ml, 10 min), and RhoA activity was assessed. Reversal of drug effects was sought with simultaneous cholesterol repletion (Chol; 15 g/ml) given at the time of cyclodextrin administration (*P Ͻ 0.01 vs. control, #P Ͻ 0.001 vs. TGF␤, n ϭ 6). B and C: TGF␤-induced COOH-terminal phosphorylation of Smad2 and Smad3 was assessed after 1 h of TGF␤ with cyclodextrin or filipin as above. Fig. 4 . TGF␤-induced RhoA/Rho kinase activation is absent in caveolin-1 knockout MC. MC from cav-1 knockout (KO) mice were compared with their wild-type (WT) counterparts in their response to TGF␤ (2 ng/ml) for 1 h. A: RhoA activity was assessed by pull-down assay of GTP-bound RhoA (*P Ͻ 0.02 vs. WT con, n ϭ 3). B: downstream Rho kinase activation was assessed by Western blot for phosphorylated substrate MYPT (*P Ͻ 0.05 vs. WT con, n ϭ 3). C: KO MC reexpressing cav-1, tagged with FLAG, were generated and tested for overexpression. D and E: responses to 1 h of TGF␤ were compared between KO MC expressing cav-1 and those expressing empty vector pLHCX for RhoA activity (D; *P Ͻ 0.001 for con KO/cav-1, n ϭ 3) and Rho kinase activation (E; *P Ͻ 0.001 for con KO/cav-1, n ϭ 6). F: KO and WT MC were treated with TGF␤ for 1 h, and Smad2 and -3 COOHterminal phosphorylation was assessed by Western blotting.
caveolae do not function in TGF␤-induced Smad activation, Smad2 and -3 phosphorylation was assessed in knockout MC. Figure 4F shows no difference in response to TGF␤ between knockout and wild-type MC. This is the first demonstration of a role for caveolae in enabling TGF␤-induced RhoA/Rho kinase activation, distinct from activation of the Smad signaling pathway.
Src is required for TGF␤-induced RhoA signaling. We have previously shown that phosphorylation of cav-1 on Y14 by Src kinases is an upstream event in mechanical stretch-induced RhoA activation in MC (32) . Since TGF␤ also depends on caveolae for RhoA activation, we examined whether Src kinases and cav-1 Y14 play a role in this setting. We first utilized MC overexpressing the nonphosphorylatable mutant cav-1 Y14A to determine whether Y14 phosphorylation was required. Overexpression of this construct in MC is shown in Fig. 5A . As seen in Fig. 5B , RhoA activation in response to TGF␤, observed in MC overexpressing the empty vector pLHCX, was clearly abrogated in MC with cav-1 Y14A.
Since Src kinases are the only known cav-1 Y14 kinases (61), we next confirmed that TGF␤ leads to the activation of Src. Figure  5C shows a time-dependent increase in the autophosphorylation of Y416 on Src, indicative of increased Src activity, in response to TGF␤. This is in agreement with Mishra et al. (29) , who also recently observed TGF␤-induced Src activation in MC. Having implicated Src in RhoA activation by TGF␤, we next assessed the effects of the Src inhibitor SU6656 (10 M). Figure 5D shows that SU6656 completely prevented TGF␤-induced RhoA activation. Consistent with our previous observation of divergence between RhoA and Smad2/3 signaling, we did not observe any effect of Src inhibition on TGF␤-induced Smad2 phosphorylation (Fig. 5E) . The receptor-mediated activation of Smad2 was confirmed by abrogation of Smad2 phosphorylation with the TGF␤ receptor I inhibitor SB431542 (5 M).
Since phosphorylation of cav-1 may alter its interaction with proteins (4), and we have shown cav-1 Y14 phosphorylation to be required for RhoA activation, we sought to determine whether phosphorylation enabled RhoA association with cav-1 in response to TGF␤. In Fig. 6A , cav-1 was observed in RhoA immunoprecipitates after TGF␤ treatment. This association between RhoA and cav-1 was prevented by the Src inhibitor SU6656 (10 M) and the TGF␤ receptor I inhibitor SB431542 (5 M). Furthermore, overexpression of the nonphosphorylat- Fig. 5 . Activation of Src and cav-1 Y14 phosphorylation are required for TGF␤-induced RhoA activation. A: MC overexpressing the nonphosphorylatable cav-1 mutant Y14A, tagged with FLAG, were generated and tested for overexpression. B: TGF␤-induced RhoA activation was assessed at 1 h in MC overexpressing cav-1 Y14A compared with MC with empty vector pLHCX (*P Ͻ 0.01 vs. con pLHCX, n ϭ 4). C: since Y14 phosphorylation is known to be effected by Src kinases, Src activation in response to TGF␤ (2 ng/ml) at the indicated times was assessed by Western blotting for phosphorylated Src Y416 (60 kDa). D: effect of pretreatment with the Src inhibitor SU6656 (SU; 10 M, 30 min) on TGF␤-induced RhoA activity at 1 h was assessed (*P Ͻ 0.02 vs. others, n ϭ 4). E: effect of pretreatment with the Src inhibitor SU6656 (10 M, 30 min) or TGF␤ receptor I inhibitor SB431542 (SB; 5 M, 30 min) on Smad2 and -3 COOH-terminal phosphorylation in response to TGF␤ at 1 h was assessed by Western blotting. able cav-1 Y14A also prevented RhoA association with cav-1 in response to TGF␤ (Fig. 6B) . Thus, downstream of TGF␤ receptors, activation of Src and consequent phosphorylation of cav-1 Y14 enable RhoA/cav-1 association and RhoA activation. Fig. 1, C and D, we have shown that TGF␤-induced fibronectin upregulation requires RhoA/Rho kinase signaling. Since Src activation and caveolae Fig. 6 . TGF␤ leads to RhoA association with cav-1. A: MC were treated with TGF␤ (2 ng/ml) for 1 h with or without the TGF␤ receptor I inhibitor SB431542 (5 M, 30 min) or Src inhibitor SU6656 (10 M, 30 min) given before TGF␤1. RhoA was immunoprecipitated, and its association with cav-1 (24 kDa) was assessed by Western blotting. Membranes were reprobed for total RhoA to ensure equal immunoprecipitation across conditions (*P Ͻ 0.001 vs. others, n ϭ 3). B: MC stably expressing the nonphosphorylatable mutant cav-1 Y14A or empty vector pLHCX were treated with TGF␤ for 1 h, and RhoA association with cav-1 was assessed as in A (*P Ͻ 0.02, TGF␤ vs. con in pLHCX, n ϭ 4). Fig. 7 . Src activity is required for fibronectin upregulation in response to TGF␤. MC were treated with TGF␤ (2 ng/ml), with or without the Src inhibitor SU6656 (10 M) added 30 min before TGF␤1, for 48 h. Fibronectin upregulation was assessed by Northern analysis (A; *P Ͻ 0.05 vs. others, n ϭ 5) or Western blot (B; *P Ͻ 0.04 vs. others, n ϭ 3). Loading controls were 28S for Northern analysis and actin for Western blot for 48 h.
Caveolae and Src activation are necessary for TGF␤-induced fibronectin upregulation. In
are required for induction of RhoA activity, their inhibition should also prevent fibronectin upregulation. Indeed, Fig. 7A shows that TGF␤-induced fibronectin transcript upregulation, as assessed by Northern analysis, was prevented by the Src inhibitor SU6656 (10 M). Similarly, fibronectin protein upregulation was also prevented by SU6656, as shown in Fig. 7B . To determine the role of caveolae, we used cav-1 knockout cells. Figure 8 , A and B, shows that TGF␤ was unable to induce fibronectin upregulation in knockout compared with wild-type MC at both the transcriptional and protein levels. Both fibronectin transcript and protein upregulation were restored by reexpression of cav-1 in knockout cells (Figs. 8, C and D) . Hence TGF␤-induced RhoA signaling, important for downstream upregulation of the matrix protein fibronectin, is dependent on Src activation and intact caveolae.
Finally, since Rho kinase was also shown to be important in TGF␤-induced collagen accumulation in MC (13), we assessed the role of caveolae in its upregulation. As seen in Fig. 9, A and B, TGF␤-induced collagen IA1 transcript and collagen I protein upregulation were also impaired in cav-1 knockout MC. This supports the importance of caveolae in mediating RhoA/Rho kinase signaling.
DISCUSSION
TGF␤ is an important pathogenic factor in chronic fibrotic renal disease of various etiologies, including hypertensive and diabetic nephropathy. The events involved in TGF␤ signaling through Smad proteins have been extensively studied. However, activation of alternative signaling pathways that have an Fig. 8 . Caveolae are required for TGF␤-induced fibronectin upregulation. Cav-1 KO and WT MC were treated with TGF␤ (2 ng/ml) for 48 h, and fibronectin transcript (A) and protein (B) levels were assessed by Northern analysis (*P Ͻ 0.03, TGF␤ vs. con for WT, n ϭ 4) and Western blot (*P Ͻ 0.01, TGF␤ vs. con for WT, n ϭ 3), respectively. Loading controls were 28S for Northern analysis and actin for Western blot. Fibronectin expression in response to TGF␤ was assessed in KO MC reexpressing cav-1 or empty vector pLHCX. Both Northern analysis (C; *P Ͻ 0.02, KO/cav-1 vs. con, n ϭ 4) and Western blot (D; *P Ͻ 0.04, KO/cav-1 vs. con, n ϭ 3) were used, with 28S and actin used, respectively, as loading controls. important role in mediating fibrotic responses are not well characterized. One such pathway is TGF␤-induced activation of RhoA. Here, we demonstrate that this occurs in MC and is mediated by TGF␤ receptors, and we identify RhoA and downstream Rho kinase as necessary for TGF␤-induced fibronectin upregulation. In delineating the upstream signaling events, our studies identify a novel role for caveolae in TGF␤-induced RhoA activation, demonstrating divergence from receptor-induced Smad activation which is independent of these microdomains. We further show that TGF␤ leads to the association of RhoA with cav-1, and that Src-mediated cav-1 phosphorylation at Y14 both enables this association and is required for downstream fibronectin upregulation. These studies shed light on non-Smad TGF␤ signaling and highlight a novel pathway showing a requirement for caveolae in TGF␤ matrix effects.
Caveolae have recently been implicated in TGF␤ signaling to the Smad transcription factors. A proportion of both TGF␤ receptor I and II has been found in rafts/caveolae in several cell lines (5, 38, 46, 64) . This localization appears to be constitutive and is unaffected by TGF␤ (5, 64) . The inhibitory Smad7 and Smurf2 have also been found in these microdomains (5) . Endocytosis of TGF␤ receptors occurs through both clathrin and raft/caveolar pathways. Clathrin-dependent internalization facilitates TGF␤ signaling, while receptors located in rafts/ caveolae are not only potentially in greater association with inhibitory regulators but also undergo rapid degradation on endocytosis (5, 64) . In 3T3 and pulmonary fibroblasts, cav-1 was shown to inhibit TGF␤-induced Smad2 phosphorylation and activity (38, 58) . In our studies, however, we did not observe any effect on TGF␤-induced Smad2/3 phosphorylation with disruption or genetic absence of caveolae, suggesting that there may be cell type-specific requirements for caveolae in TGF␤ signaling.
An assessment of the role of caveolae in other signaling pathways initiated by TGF␤ is limited. In primary pulmonary fibroblasts, cav-1 overexpression inhibited TGF␤-induced Erk and JNK activation and production of the matrix proteins collagen I and fibronectin (58) . Our studies, however, suggest a facilitative role for caveolae in matrix upregulation in MC. Using several methods including cav-1 knockout MC, which lack caveolae, coupled with reexpression of cav-1 in these cells, we show that caveolae are clearly required for TGF␤-induced activation of RhoA signaling and downstream fibronectin synthesis. Both Smad2/3 phosphorylation and RhoA activation, however, require the TGF␤ I receptor, showing a divergence of signaling pathways downstream of the receptor. This suggests that in different cell types and tissues, alternate approaches to manipulation of cav-1 expression might be required for anti-fibrotic effects.
Cav-1 is known to interact with various signaling proteins. This interaction is most commonly inhibitory, with release from cav-1 enabling activation. A positive effect, however, has also been demonstrated, as is seen in insulin receptor signaling (60) . In our studies, we have shown this interaction to be necessary for RhoA activation in response to TGF␤ as well as in mechanical stress-induced signaling (32) . Furthermore, the phosphorylation of cav-1 on Y14 is known to facilitate cav-1 interaction with other proteins (4) . Using the nonphosphorylatable mutant cav-1 Y14A, we found that phosphorylation on this residue was important for TGF␤-induced association between cav-1 and RhoA and subsequent RhoA activation. While this interaction with phosphorylated cav-1 is often mediated through SH2 or phosphotyrosine domain interactions (9, 21) , our studies and others have found that proteins without such domains, including RhoA and TRAF2, also preferentially associate with Y14-phosphorylated cav-1 (4). It is possible that other intermediary proteins containing these domains may assist in this association.
The Src family kinases are the only kinases known to phosphorylate cav-1 at Y14 (4, 22) . Since the nonphosphorylatable mutant cav-1 Y14A prevented RhoA activation and Fig. 9 . Caveolae are required for TGF␤-induced collagen I upregulation. Cav-1 KO and WT MC were treated with TGF␤ (2 ng/ml) for 48 h, and collagen IA1 transcript (A) and collagen I protein (B; 95 kDa) levels were assessed by Northern (*P Ͻ 0.04 vs. all others, n ϭ 2) and Western blotting (*P Ͻ 0.001 vs. all others, n ϭ 6), respectively. Loading controls were 28S for Northern and actin for Western blotting.
cav-1/RhoA association, we examined the effects of TGF␤ on Src in MC. Our data show Src activation in response to TGF␤, as assessed by its phosphorylation at Y416. This is in agreement with studies by others demonstrating TGF␤-induced Src activation (29, 41, 43) . Since the Src inhibitor PP1, and to a lesser extent PP2, have been shown to inhibit TGF␤ receptor activation (26), we used the more recently described SU6656 for Src inhibition studies. These confirmed a role for Src in TGF␤-induced cav-1/RhoA association, RhoA activation, and fibronectin synthesis.
The extent to which Smads are required for fibronectin gene upregulation by TGF␤ in MC is uncertain. Isono et al. (14) showed that overexpression of the inhibitory Smad7 or dominant negative Smad3 prevented activation by TGF␤ of a fibronectin promoter-luciferase construct, suggesting a role for Smad signaling in fibronectin upregulation. However, neither fibronectin transcript nor protein was assessed. Indeed, dominant negative Smad4 did not inhibit TGF␤-induced fibronectin upregulation as assessed by Northern analysis in MC (53) . This is consistent with observations made in other cell types including Smad2-, -3-, and -4-deficient fibroblasts in which TGF␤-induced fibronectin upregulation was maintained (33, 49) . Furthermore, although the peroxisome proliferator-activated receptor (PPAR)-␥ ligand pioglitazone abrogated TGF␤-induced fibronectin transcript synthesis in MC, it had no effect on activation of Smad2 (8) . These studies, in addition to our data showing that Smad COOH-terminal phosphorylation was unaffected by caveolar disruption or Rho kinase inhibition, suggest that Smad activity is not sufficient for the induction of fibronectin gene upregulation in MC. Of note, collagen I upregulation by TGF␤1 was also absent in cells without cav-1/caveolae in our studies. However, Smad signaling was shown to be required for TGF␤-induced collagen I upregulation in MC (53) . It is likely that the requirement for cav-1/ caveolae in collagen I synthesis reflects a deficiency in activation of a necessary co-regulatory pathway. Indeed, disruption of Rho kinase signaling in MC prevented TGF␤1-induced upregulation of collagen IA1 transcript (13) . Together, these data suggest that RhoA/Rho kinase and Smad signaling cooperate in MC for specific downstream effects of TGF␤1.
TGF␤-induced fibronectin synthesis in MC was shown to require both p38 and Erk (54) . Our studies now demonstrate a requirement for RhoA/Rho kinase signaling. It is possible that RhoA enables activation of p38 and Erk, as we have previously shown in mechanically stressed MC (unpublished data and Ref. 19 ) and as others have shown for Erk activation in response to serum in MC (16) . Conversely, in other cells, p38 was found to be either upstream or independent of RhoA activation (15, 25) . It is thus evident that responses to TGF␤ are highly dependent on cell type. Indeed, in 3T3 cells, fibronectin upregulation was independent of Erk and p38 (11) . When considering cell type dependence, it is thus important to focus on cells that play a central role in vivo in human disease. There is no doubt that the MC, with its response to TGF␤, is central to progressive glomerulosclerosis. The relationship between these signaling proteins in TGF␤-induced matrix upregulation in these cells, as well as the role of caveolae in p38/Erk activation by TGF␤, need further study.
While we have demonstrated a requirement for caveolae in fibronectin synthesis, these microdomains were also recently implicated in fibronectin turnover. Sottile et al. (51) showed that fibronectin degradation requires internalization through caveolae, with impairment in fibronectin turnover leading to loss of matrix fibrils. In fibronectin null mouse embryonic fibroblast cells, exogenous fibronectin co-localized with cav-1 by immunofluorescence and was found in low-density caveolar fractions. This seemed to be functionally important, since chemical disruption of caveolae prevented fibronectin-mediated cell contraction and growth (12) . Additionally, RhoA was shown to promote fibronectin polymerization or assembly in Swiss 3T3 fibroblasts and epithelial cells (3, 65) . Thus caveolae appear to have a multifaceted role in the production of fibronectin, important to its upregulation, polymerization, and turnover.
In conclusion, our data identify a novel role for caveolae in TGF␤ signaling. The requirement for RhoA activation and fibronectin synthesis, independent of Smad activation, highlights a divergent set of signaling pathways downstream of the TGF␤ receptors. We have also identified a new relevant target for TGF␤-induced Src activation, showing the importance of its phosphorylation of cav-1 in allowing cav-1/RhoA interaction with subsequent RhoA activation and fibronectin synthesis. These findings help to elucidate the initial events in RhoA activation by TGF␤ and suggest potential targets for treatment of glomerular sclerosis marked by excessive TGF␤ signaling.
